An unrecognized chlorophyllous pigment, designated Pheob4, was the most abundant degradation product of chlorophyll-a (Chla) 
INTRODUCTION
Phytoplankton is often the largest contributor to the inventory of organic particles in the water column in natural water bodies, and its decomposition is, therefore, a major process for the recycling of organic matter, and a major source of the flux of sinking particles. The pathways of transformation of the particulate organic material are apparently diverse and highly specific for different components. In the case of phytoplankton, a first-order approach to estimate decomposition is feasible, by monitoring the fate of chlorophyll-a (Chl-a) in the suspended and sedimenting particles in the water column. Chlorophyll-a, is a ubiquitous component of all oxygenic autotrophs, and is degraded by losing or substitution of atoms and residues linked to its central tetrapyrrole scaffold. Although some degradation may occur in intact cells, the majority of the degradation processes take place upon the death of cells. Chl-a is finally transformed to colorless substances, but some proportion of colored, partially degraded molecules reach the bottom and are preserved in sediments. There are some tens of recognized Chl-a degradation products (e.g., Eckard et al. 1991) . The pathway leading to the formation of most of those degraded forms of Chl-a is unknown, not even the environmental factors inducing their appearance. There are some exceptions, like the massive formation of chlorophyllide-a following the collapse of diatom blooms (Gieskes 1991) , or the formation of pheophorbide-a as a result of zooplankton grazing (Vernet & Lorenzen 1987) . But even the appearance of those substances is not always predictable (Klein et al. 1986; Barlow et al. 1988; Strom 1993) .
In most cases the concentration of Chl-a degradation products in the epilimnetic water column is low, and the number of chloropigments observed is limited. On the other hand, sedimented particles are characterized by an abundance of Chl-a degradation products, and often are found in relatively high concentrations (Leavitt 1993) .
The goal of the current study was to investigate the suite of Chl-a degradation products affiliated with the period between total depletion of oxygen below the thermocline and the onset of sulfate reduction. This time interval is normally short in Lake Kinneret (Serruya 1978) , but an unusual opportunity was available in June-July 1997, when the hypolimnetic anoxia prior to sulfate reduction lasted for a relatively long period, due to an exceptional phytoplankton succession (see below). We found that the most conspicuous Chl-a degradation product in the hypolimnion and in the sediments was a unique substance that we did not found previously in the lake when fully mixed (Yacobi & Ostrovsky 2000) or with a completely oxygen devoid hypolimnion (Ostrovsky & Yacobi 1999 ).
METHODS
Samples were withdrawn from the water column on 30 June and on 24 July 1997, with a 5-litre AbergRodhe sampler. Collected water samples were preserved in opaque plastic carboys until processing in the laboratory. Traps were deployed in Lake Kinneret in several locations and depths between 4 and 18 June, 18 June and 2 July, and between 15 and 28 July 1997 (Tab. 1). The technical details of the traps installation and location are specified elsewhere (Koren & Klein 2000) . Traps located in stations H and M collected particulate material from constantly oxygenated water. The lower traps in stations A, B and F resided within the benthic boundary layer (BBL), about 1 m above the bottom. The higher traps in stations A and B were located within the hypolimnion. A detailed description of Lake Kinneret thermal stratification, and the chemical environment affiliated with, is outlined in Nishri et al. (2000) . In stations A, B and F pairs of traps were positioned, one without any treatment and the other with addition of 10 ml of concentrated formaldehyde solution contained in a dialysis bag.
Bottom sediment samples were collected manually by a SCUBA diver along a transect that spanned from the north-western shoreline of Lake Kinneret to the lake center ( Fig. 1 in Nishri et al. 2000) . The transect was sampled from June 10 to July 3. The uncertainties affiliated with such a relatively long sampling period of a single transect have been discussed extensively elsewhere (Ostrovsky & Yacobi 1999 , Ostrovsky 2000 .
Additional samples were collected along an offshore transect near the eastern shore on 7 July 1997. The method of sampling used allows a precise collection of the most recent bottom sediments from the upper fewmm layer (Ostrovsky 2000) . In previous studies, we calculated that a diver was able to gather a sediment layer thinner than the layer that could be accumulated during approximately the four summer-fall months preceding the sampling (Ostrovsky & Yacobi 1999) . As the accumulation rate during winter-spring months was a few times higher than in summer-fall (Koren & Ostrovsky, in press), the layer sampled in this study was apparently less than 2 months old.
The processing of the particulate matter collected from the water column, traps and bottom sediments was as specified elsewhere (Yacobi & Ostrovsky 2000) . Determination of the content of total suspended matter and the concentration of organic matter within, was performed on sub-samples treated immediately, while other sub-samples were stored at -18 °C until further processed for pigment analysis. Dry matter (DM) was estimated by drying of material at 80 °C for 24 h. The losses on ignition, equivalent to the organic matter (OM) content, were measured by ignition of DM in a muffle furnace at 550 °C for 1 h.
The detailed treatment of samples, protocols used for pigment extraction and separation by HPLC were described elsewhere (Yacobi et al. 1996 , Ostrovsky & Yacobi 1999 . Pigment detection was performed with the detector set to 640 nm, in order to suppress the appearance of carotenoids on the chromatograms. Extraction of sedimented particles in organic solvents results in a high number of pigments, and inclusion of all those substances simultaneously makes quantification difficult. In addition, an overlapping of pigments is not a rare phenomenon, and our intention to gain maximal information possible on chlorophyllous pigments guided us in our decision to use the detector as indicated.
The quantification of the chromatograms was facilitated by injection of standards of known concentrations into the HPLC system, and calculating the response factor based on the area under the peak. As we did not have a standard for most of the degradation products of Chl-a, the quantification of those pigments was done using the same response factor calculated for pheophorbide-a. All pigment concentrations were normalized to OM basis. All Chl-a degradation products combined were defined as "Total degraded Chl-a". The term "all chlorophyllous pigments" means Chl-a plus its degradation products.
RESULTS
During June-July 1997 Chl-a concentrations in the epilimnetic water (7-9 mg m -3 ) were an order of magnitude higher than those in the hypolimnion. Chlorophyllide-a and pheophorbide-a were the most abundant Chl-a degradation products in the epilimnion, but their Tab. 1. Period of exposure and the depth of placement of traps deployed in Lake Kinneret in JuneJuly 1997. The lower traps in station A, B and F and the traps located in stations H and M were located about 1 m above the bottom. Station A is positioned in the deepest point in the lake. Other stations were positioned along a transect that spanned between that point and the northwestern shore of the lake. concentrations were relatively low. In the epilimnion, the concentration of total degraded Chl-a did not surpass 2% of Chl-a. A different situation was found in the hypolimnion and the BBL, where Chl-a degradation products were abundant. They were 3-45% of all chlorophyllous pigments in the hypolimnion and 47-88% in the BBL. We could identify 8 different Chl-a degradation products and that showed recurrently in most of the hypolimnetic and BBL samples. On June 30, an unrecognized chlorophyllous pigment was the most abundant degradation product in the BBL. We designated that pigment as Pheob4. Its concentration in the base of the BBL was 1.97 mg m -3 , which was about 7 times higher than the concentration of Chl-a in that compartment (Fig. 1) . This substance was also present in the upper part of the BBL in conspicuous concentrations, but was absent from the upper part of the water column. Our measurements on a shallower station, on July 24, showed that Pheob4 was absent near the bottom, however, it showed in the upper and mid parts of the hypolimnion in concentrations of about 0.5 mg m -3 , i.e., in concentrations approximately equal to those of Chl-a (Fig 1) .
The suite of chlorophyllous pigments detected in the sedimentation traps was similar to that found in the hypolimnetic water. The concentration of Chl-a in sediment traps positioned in the hypolimnion was about 1.15, 1.46 and 0.73 µg g OM -1 , in average, in the first, second and third period, respectively. The concentration of Chl-a in sediment traps positioned in the BBL was about 1.2 µg g OM -1 in the traps positioned throughout the first two deployment periods, and about half of that concentration in the traps deployed throughout the third period. The abundance of different Chl-a-degraded products varied between stations and deployment periods (Tab. 2). In the traps positioned in the hypolimnion the total degraded Chl-a constituted about 15% of all chlorophyllous pigments in the first and second deployment period, and about 26% in the third period. Total degraded Chl-a were approximately 26, 22 and 32% of all chlorophyllous pigments in the traps positioned within the BBL (in the first, second and third period, respectively) and about 35% in traps positioned in the littoral area. The proportion of different degradation products of Chl-a changed vertically and did not show a discernible pattern. The only exception was the proportion of Pheob4 , which showed a clear recurrent pattern of higher Pheob4/Chl-a ratios in the traps positioned in the BBL than in those located in the hypolimnion (Tab. 3). Pheob4 was approximately from 5 to 20% of Chl-a concentration in the traps positioned in the BBL, but not higher than 1% in traps positioned in the hypolimnion. In the littoral area, where resuspended material was a dominant fraction of total sedimentation flux (Ostrovsky Tab. 2. Concentrations of chlorophyll-a and its degradation products in sediment traps positioned within the benthic boundary layer and in the littoral traps in Lake Kinneret. Material was collected throughout three periods of time in 1997: 4-18 June, (I), 18 June, and 2 July (II) and 15-28 July 1997 (III), in the traps positioned in the pelagic waters, and in the littoral throughout the third collection period. Concentrations are expressed as µg pigment g OM -1
. Chld = chlorophyllide; Pheob = peophorbide; Pheon = pheophytin; Pyro = pyrropheophorbide. Pheob1, 2, 3, 4 stand for different undefined chlorophyllous pigments.
Pigment
Pelagic The concentrations of OM measured in traps treated with formaldehyde were in all the cases higher than in non-treated sedimentation traps. The suite of chlorophyllous pigments, and their relative abundance, found in traps treated with formaldehyde was essentially similar to that found in non-treated traps, regardless of trap location and collection period. The only exception was the situation with Pheob4. The Pheob4/Chl-a ratio in the traps positioned within the BBL was lower in formaldehyde-treated traps and than in non-treated traps in all the cases (Tab. 4). In traps positioned within the hypolimnion very little Pheob4 was detected, both in poisoned and non-poisoned traps. Only during the second half of June, poisoned traps positioned in the hypolimnion in Stn A and Stn B contained higher proportion of Pheob4 than non-treated traps (Tab. 4). Throughout that period nitrate concentrations were reduced to zero in the metalimnion and upper hypolimnion.
All pigments identified in traps were also found on the uppermost layer of bottom sediments in June-July 1997. On the western transect there was a steady increase of Chl-a concentration from the shoreline towards the lake center, while on the eastern transect the increase in Chl-a concentration started from a depth of approximately 8 m (Fig. 2A) . The proportion of Chl-a degradation products of all chlorophyllous pigments on the bottom (33-70% along the western transect and 20-64% along the eastern transect) was mostly higher than in traps. The most abundant of the Chl-a degradation products in bottom sediments was also Pheob4, which was from 5 to 185% of Chl-a concentration. The Pheob4/Chl-a ratio showed clear maxima at 12-14 m (Fig. 2B) . The location of the Pheob4/Chl-a ratio peak was more conspicuous on the eastern transect probably due to the fact that the sampling on the eastern transect was done within a single day, as opposite to the western transect during which sampling was spread over three weeks.
DISCUSSION
Lake Kinneret stratification commences, usually in March, and is followed by a rapid disappearance of oxygen from the hypolimnion (Serruya 1978) . The existence of low oxygen concentrations normally persists for a short time span only, followed by denitrification, Tab. 3. The ratio of Pheob4 to chlorophyll-a in particles collected in sediment traps in Lake Kinneret throughout three collection periods in 1997: 4-18 June (I), 18 June and 2 July (II) and 15-28 July 1997 (III). 
Fig. 2. Concentration of Chl-a (A) and ratio of Pheob4 to Chla (B)
, in the uppermost layer of bottom sediment along two transects in Lake Kinneret. A western transect, that spanned from the western lakeshore towards lake center, was sampled from 10 June throughout 3 July and the eastern transect was sampled during a single day, on 6 July 1997.
The situation in June 1997 was atypical, as residual oxygen could be found in the hypolimnion for a relatively long period (Fig. 3) , and redox values in the hypolimnion were positive (Nishri et al. 2000) while in a typical year in Lake Kinneret they are approximately -200 mV. The reason for that peculiarity was apparently related to the unusual succession of phytoplankton in 1997. In normal years, dense blooms of the dinoflagellate Peridinium gatunense characterize the lake phytoplankton succession from February to June (Pollingher 1986) . In 1997 that peak of P. gatunense density was lacking and the flux of organic matter towards the bottom was reduced in April-May. The theca of P. gatunense, which constitute a large proportion of the sinking organic matter in April-May during typical years in Lake Kinneret (Zohary et al. 1998) , are a fast-decomposing substance (Herzig et al. 1981) . The lack of that component in the sinking organic matter was apparently the factor that slowed down oxygen consumption, and left relatively high concentrations of oxygen below the thermocline over a longer time span, following thermal stratification. At the beginning of June nitrate concentrations in the hypolimnion was 300-400 ppb, an order of magnitude higher than the multi-annual average in Lake Kinneret. During the following two months it declined and then vanished completely, first in the BBL and then in the mid hypolimnion (Nishri et al. 2000) . The most prominent feature of the analysis of chlorophyllous pigments in June-July 1997 was the appearance of Pheob4 in material suspended in the water column, in sedimentation traps and in the superficial layer of bottom sediments. In our survey no Pheob4 was detected in the epilimnetic water column. In samples analyzed by a different HPLC system, coupled with a MS module (see Talbot et al. 1999 ) Pheob4 was tentatively identified as 13 2 , 17 2 cyclophaeophorbide-a enol (CPP). CPP was recently found in bottom sediments from marine environments (Ocampo et al. 1999) . Considering the high concentrations of CPP in fecal pellets of herbivores grazing on phytoplankton and CPP in marine sediments, Goericke et al. (2000) concluded that formation of this pigment may be one of the major pathways of Chl-a degradation. Since the pigment separation was done on a different system than the system on which CPP was identified, we can not be sure that Pheob4 is CPP. When Pheob4 will show once again in Lake Kinneret, it will be isolated and characterized in order to enable a decisive identification.
Pheob4 was found to be dominant among other degraded chloropigments in anoxic hypolimnetic water at the time when nitrate concentration was rapidly decreasing. First, nitrate concentrations decreased in the BBL during June 1997, then, during July 1997, nitrogen concentration decreased in the mid hypolimnion (Nishri et al. 2000) . During the end of each of the mentioned periods, the highest concentration of Pheob4 and the highest Pheob4/Chl-a ratios were detected in the respective sections of the water column. With further development of anoxic conditions in the respective water layers (increase of hydrogen sulfide to about 3 mg l -1 ) Pheob4 vanished completely. In our previous studies of chloropigments in Lake Kinneret Pheob4 was found in low concentrations on the sediment in March, when the lake was fully oxygenated (Yacobi & Ostrovsky 2000) and not detected at all in October-November, when sulfate reduction was the dominant process in the anoxic hypolimnion (Ostrovsky & Yacobi 1999) .
Pheob4/Chl-a ratios of material collected in the near-bottom poisoned traps (and even in non-poisoned traps) were much lower than the maximum values detected in hypolimnetic water, indicating that the composition of sinking particles was not identical to the material suspended in the hypolimnion. In traps positioned in the BBL, Pheob4 concentrations and Pheob4/Chl-a ratio were much higher in non-treated traps than in traps poisoned with formaldehyde. That finding indicates that settling particles were not an important source of Pheob4 in traps, and that the major part of Pheob4 was apparently mediated by biological degradation of Chl-a within the traps. The oxygen-depleting and oxygen-depleted layers in Lake Kinneret sustain a large community of heterotrophic microorganisms (ciliates, flagellates and bacteria; Hadas & Berman 1998), but, our study was not designed to identify, and thus can not pinpoint the organisms executing the transformation(s) of Chl-a to Pheob4.
High Pheob4/Chl-a ratios were also found in littoral traps positioned in the oxic water layers. The appearance of high amount of Pheob4 in the littoral traps (H and M) located under epilimnetic oxic condition can be related to high proportion (>80%) of material resuspended from the bottom and captured by these traps (Ostrovsky & Yacobi 1999) . Production of Pheob4 could take place in the bottom sediments where anoxic conditions develop even when the overlaying water is well oxygenated. Jones (1979) showed that nitrate reductase activity can take place in the bottom sediment beneath the oxygenated water and is associated with larger particles containing microcosms for nitrate respiration. In Lake Kinneret, Chlorobium phaeobacteroides, a strictly anoxic bacterium, could be found in uppermost littoral sediments (Ostrovsky et al. 1997; Ostrovsky & Yacobi 1999) , pointing out the existence of anaerobic microenvironments, within oxic layers.
The spatial variation of Pheob4/Chl-a ratio in the upper-most layer of bottom sediments along the offshore transects showed that the peak of the ratio was at the depth of 12-14 m. It coincided with the position of thermocline-bottom interface, where, due to seiche movement, anoxic hypolimnetic water is repeatedly substituted by oxygenated epilimnetic water. The average transformation of Chl-a to Pheob4, as it can be assessed from a comparison between poisoned and nonpoisoned traps, was about 8% per week (the average age of collected particles in traps was 1 week). Providing the average age of the collected sediments was 4-9 weeks (see Ostrovsky & Yacobi 1999 and Ostrovsky 2000 , for details of calculation), about 32-72% of Chl-a could have been be transformed to Pheob4 under proper ambient conditions. The specified range was found to be rather close to the actual range of Pheob4/Chl-a ratio in the hypolimnetic bottom sediments (22 to 55%). Thus, the longer period allowed for particle processing on the bottom sediments, as compared to the sedimentation traps, seems to be the factor responsible for higher Pheob4/Chl-a ratios in the former.
CONCLUSIONS
The results presented in this study suggest that Pheob4-containing particles are apparently not an important component in the flux of particles sedimenting from the epilimnion towards the bottom sediment. The bulk of Pheob4 found in bottom sediment is a result of Chl-a transformation in situ, under proper conditions. The comparison of formaldehyde-treated sediment traps to non-treated traps indicates the importance of biotic activity for Chl-a transformation to Pheob4.
The occurrence of Pheob4 seems to correspond to unique environmental situation, a short time after oxygen consumption was completed, and prior the commencement of sulfate reduction. That period is usually very short in Lake Kinneret, but the unusual succession of phytoplankton caused modification in the pattern of oxygen consumption below the thermocline, and caused a relatively prolonged period of denitrification. Our sampling coincided with the timing of denitrification in the lake, revealing substantial concentrations of so far unrecognized chlorophyllous pigment. Further research is required to elucidate whether the occurrence of denitrification and the presence of Pheob4 are more than a coincidence. If the appearance of Pheob4 is recurrently linked to denitrification it can be used to pinpoint the localization of that process.
